Abstract Deposition processes control the properties of thin films; they can also introduce high residual stresses, which can be relieved by delamination and fracture. Tungsten films with high 1-2 GPa compressive residual stresses were sputter deposited on top of thin (below 100 nm) copper and diamond-like carbon (DLC) films. Highly stressed films store large amounts of strain energy. When the strain energy release rate exceeds the films' interfacial toughness, delamination occurs. Compressive residual stresses cause film buckling and debonding, forming open channels. Profiles of the buckling delaminations were used to calculate the films' interfacial toughness and then were compared to the adhesion results obtained from the superlayer indentation test. Tests were conducted in both dry and wet environments and a significant drop in film adhesion, up to 100 times was noticed due to the presence of moisture at the film/substrate interface.
Introduction
Thin films are used in a variety of applications, including information storage, optics, microelectronics and biomedical devices. These applications are possible because of the films' magnetic, reflective, electrical, mechanical and other properties [1] [2] [3] [4] [5] [6] .
With the growing number of applications, there is an increase in the variety of operating environments thin films are exposed to. Normally well-adhered films are required, so the environmental effects on film adhesion need to be studied combined with the stress effects. Figure 1 presents a stress map obtained by the curvature method for a 1 2m thick tungsten (W) film on a <100> 6 00 Si wafer. High variation of the residual stress is noticeable throughout the wafer. The bottom left corner has a 1 GPa compressive residual stress, compared to an average of 500 MPa observed elsewhere. Similar stress profiles for other thin films can be found in [7] . High compressive residual stress causes thin film buckling delamination, commonly called telephone cords, shown in Fig. 2 for the 1 2m W film on top of a 20 nm diamond-like carbon (DLC) coating and in Fig. 3 for a polymer coating on Al substrate in a street sign.
Telephone cord delaminations have been observed in several film systems [8] [9] [10] [11] [12] , including commercial semiconductor products [13] , and appear to be the most common delamination pattern for thin films in compression. Buckling delamination appears to be a multiscale phenomenon; it can be induced by compressive stresses and moisture present at the film/ substrate interface, which significantly lowers thin film adhesion.
Here, the effect of moisture, which presence decreases film adhesion, was quantified for DLC and copper films. A 1-2m thick W superlayer with compressive residual stress was sputter deposited on top of the films in order to help induce their delamination from the substrate by means of nanoindentation [1] .
Both the DLC and copper films were deposited on thermally oxidized <100> Si wafers. The initial motivation behind this research was to create a novel approach based on the superlayer indentation adhesion test [1] for measuring the effect of moisture on thin film adhesion. In the process of experimentation, it was discovered that the introduction of water to the DLC film/substrate interface causes delamination blisters to propagate across the wafer (Fig. 2) . Crack propagation rates on the order of microns per second were observed. From the delamination profiles adhesion calculations were made and later compared with the superlayer indentation test results. This spontaneous delamination propagation caused by the introduction of water and residual stress relief is similar to the mechanically induced propagation of telephone cords caused by microprobe manipulation [8] [9] [10] .
Moisture-induced telephone cord delamination propagation is a form of environmentally assisted fracture. Some common examples of this are seen in fading and delamination of vintage mirrors [14] , and in buckling of polymer coatings on street signs undergoing daily and seasonal thermal cycling (Fig. 3) . Other examples are delaminations and fading of telescope mirrors resulting in loss of reflectivity [15] , as well as environmentally assisted fracture in recently developed silica-based low-k dielectric thin films [16] .
Theoretical Considerations
Following Griffith's criterion a crack will continue to grow as long as the strain energy release rate (G) from the surrounding strained material exceeds the energy per unit area required to form new surfaces [17] :
where G is the strain energy release rate and * is the material's resistance to crack propagation. The same concept can be applied for interfacial fracture in the case of a thin film delaminating from a substrate:
where * i is the interfacial toughness. The amount of stored elastic energy per unit area in a stressed thin film is:
where Z is a geometric constant, ranging from 0.5 to 2
[18], which depends on the residual stress s r ; h is the film thickness, and E is the film's biaxial elastic modulus. This energy can be released by propagating a crack between the film and the substrate. If the interfacial toughness is reduced when water is introduced to the film/substrate interface, and the mechanical energy of the film remains the same, this could explain why crack propagation is observed leading to a release of large amounts of energy stored in the highly compressed tungsten superlayer. Analysis of buckling delaminations was made by combining the Griffith criterion with the developments of Hutchinson and Suo [18] , where the straight-sided blister was treated as a clamped Euler column. The column is described to have a width of 2b, the unbuckled film is subjected to uniform, equi-biaxial compressive in-plane stress and the film thickness, h, is 
